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Wendie Price, RN,* Jonathan R. Lindner, MD†
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Objectives We sought to determine whether skeletal muscle capillary recruitment is impaired in type 2 diabetes mellitus
(DM) with and without microvascular complications (MC).
Background Insulin and exercise each stimulate recruitment of skeletal muscle capillaries. Insulin-mediated recruitment is
impaired in insulin-resistant humans and animals, but exercise-mediated recruitment has not been studied.
Methods We studied 20 control subjects, 22 patients with DM, and 8 patients with DM  MC. With the patients under
fasting conditions, contrast-enhanced ultrasound perfusion imaging of the forearm flexor muscles was per-
formed to evaluate capillary blood flow and blood volume at rest and during low- or high-intensity contractile
exercise (25% and 80% maximal handgrip). Rheologic parameters of erythrocyte deformability and plasma vis-
cosity were measured.
Results Muscle capillary responses to exercise were similar between the control and DM groups, but were reduced (p 
0.05) in those with DM  MC. The DM  MC group had a 50% reduction in capillary recruitment and a 60%
to 70% reduction in capillary blood flow during both low- and high-intensity exercise compared with the control
group. These abnormalities were independent of disease duration. Patients with DM  MC were more insulin
resistant than DM patients and had an elevated whole blood viscosity that correlated with plasma glucose
(p  0.001) and C-reactive protein (p  0.003).
Conclusions Capillary recruitment during low- and high-intensity exercise is normal in uncomplicated type 2 DM but is impaired in
those with microvascular complications. Abnormalities in capillary recruitment may be related to abnormal hemo-
rheology, although larger trials are needed to establish this relation. (J Am Coll Cardiol 2009;53:2175–83) © 2009
by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2009.02.042t
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dhere is increasing evidence that abnormal skeletal muscle
apillary responses in insulin-resistant patients contribute to
mpaired glucose metabolism and perhaps microvascular
omplications of type 2 diabetes mellitus (DM). In normal,
ealthy individuals, physiologic hyperinsulinemia produced
y a carbohydrate-rich meal or by a euglycemic clamp
timulates a rapid expansion of skeletal muscle capillary blood
olume (CBV) (1–3). Insulin-mediated capillary recruitment is
argely nitric oxide (NO)-dependent (4–6). This response is
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linical Research Center from the National Institutes of Health, Bethesda, Maryland.
he ultrasound contrast agent used in this study was provided by a material grant
rom Bristol-Myers Squibb Medical Imaging.m
Manuscript received November 12, 2008; revised manuscript received January 29,
009, accepted February 23, 2009.hought to augment glucose uptake by increasing the
ermeability-surface area product, thereby increasing glucose
nd insulin access to muscle interstitium. In insulin-resistant
atients and animals, CBV and capillary blood flow do not
ncrease normally in response to insulin, which may contribute
o abnormal glucose homeostasis (7–10).
See page 2184
There has been increasing interest in whether capillary
esponses to exercise, which are not entirely NO-dependent
11–14), also are abnormal in patients with type 2 DM.
atients with type 2 DM have been shown to have lower
otal oxygen consumption and total body glucose uptake
uring submaximal exercise compared with healthy subjects
15). There is evidence in humans that these metabolic
efects may be secondary, at least in part, to impaired
icrovascular flow responses (15,16). Under hyperin-
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Exercise-Mediated Capillary Recruitment in DM June 9, 2009:2175–83sulinemic conditions, exercise-
mediated augmentation of total
skeletal total muscle blood flow is
blunted in insulin-resistant pa-
tients (16). However, in animal
models of advanced DM, changes
in flow and CBV in response to
muscle contraction appear to be
similar to that in healthy controls
(17). It is not clear whether the
inconsistency of these results is
related to species, differences in
disease manifestation for single
gene-targeted animal models of
DM, or differences in exercise in-
tensity. With regard to the latter,
egulatory mechanisms of muscle blood flow and the relative
ontribution of capillary recruitment varies according to the
ntensity of contractile exercise (2,18).
The aim of this study was to use contrast ultrasound
erfusion imaging to determine whether augmentation in
BV or capillary flow in skeletal muscle is impaired during
ow- or high-intensity exercise in patients with DM. We also
ested whether abnormalities in skeletal muscle capillary re-
ponses would be more severe in patients with microvascular
omplications of DM and also whether perturbations in blood
heology, which can influence capillary flow independent of
rteriolar vasoregulatory tone (19,20), contribute to flow
mpairment.
ethods
tudy population. The study was approved by the institu-
ional Human Investigation Committee of the University of
irginia. Twenty healthy adult patients and 30 obese (body
ass index 30 kg/m2) patients with type 2 DM were
tudied. Eight of the patients with DM were identified as
aving microvascular complications defined as proteinuria
30 g/mg creatinine) on a spot urine collection within 1
eek of the study, or diagnosis of neuropathy made by a
eurologist based on summed clinical data (21). Subjects
ith angina, congestive heart failure, claudication, periph-
ral vascular disease, an ankle brachial index 0.9, or
ncontrolled hypertension (150/90 mm Hg) were ex-
luded. Other exclusion criteria for control subjects included
history of hypertension, dyslipidemia, body weight 10%
ver ideal, and first-degree relative with diabetes.
tudy design. At an initial screening visit, the maximal
orce generated on a calibrated handgrip ergometer was
etermined for the subject’s dominant arm, with the average
f 3 attempts used. Urine samples were collected for protein
easurement. Three days before the study visit, the subjects
iscontinued the use of angiotensin-converting enzyme
nhibitors, angiotensin receptor blockers, and metformin.
hey were admitted to the General Clinical Research
Abbreviations
and Acronyms
CBV  capillary blood
volume
CEU  contrast-enhanced
ultrasound
CRP  C-reactive protein
DM  diabetes mellitus
DM  MC  diabetes
mellitus with microvascular
complications
NO  nitric oxide
PI  pulsing interval
VI  video intensityenter the evening before the study and fasted overnight.
t
tThe following morning, blood was drawn for measure-
ent of lipid subfraction analysis by ultracentrifugation,
lucose, hemoglobin A1c, plasma insulin, C-reactive protein
CRP), blood viscosity, and erythrocyte deformability. The
nsulin and glucose data were used to calculate the homeo-
tatic model assessment index of insulin sensitivity calcu-
ated by: (I·G)/405, where I is fasting plasma insulin
U/ml) and G is fasting plasma glucose (mg/ml). Brachial
rtery blood flow and skeletal muscle perfusion in the
roximal forearm by contrast-enhanced ultrasound (CEU)
ere measured at baseline, then during both low- and
igh-intensity exercise.
For low-intensity exercise, subjects performed a 1-s
andgrip exercise at 25% of their pre-determined maximal
orce value every 5 s for 2 min. Handgrip frequency was then
educed to every 20 s, and brachial artery blood flow and
keletal muscle perfusion were measured within 3 min.
fter a 20-min rest period the imaging studies were
epeated with 80% maximal force value every 5 s for 2 min,
hen every 20 s thereafter at which time brachial artery
lood flow and skeletal muscle perfusion measurements
ere repeated.
rachial artery blood flow. Ultrasound of the brachial
rtery 5 cm above the antecubital fossa was performed with
linear-array transducer (L7-4 transducer, HDI-5000CV,
hilips Ultrasound, Reigate, United Kingdom). Brachial
rtery diameter and centerline averaged peak velocity at the
linical Characteristics and Laboratory Data
Table 1 Clinical Characteristics and Laboratory Data
Control Patients
(n  20)
DM
(n  22)
DM  MC
(n  8)
Age (yrs), median 47 53 54
Sex, M/F 9/11 3/19 3/5
Duration of DM (yrs),
median (IQR)
— 2.5 (4.0) 7.0 (5.0)
Hypertension, % 0 36* 75*
Current smoking, % 10 18 25
History of dyslipidemia, % 5 68* 100*
Body mass index, kg/m2 23 3 34 6* 35 5*
Medications, %
Aspirin or clopidogrel 0 41* 63*
Beta-blocker 0 0 25
ACE-I or ARB 0 41* 50*
Statin 0 55* 75*
Hemoglobin-A1c, % 5.2 0.3 6.9 2.2* 8.5 2.2†
Plasma glucose, mg/dl 90 15 117 60 233 82*
Plasma insulin, U/ml 5.8 4.4 16.9 13.2* 15.0 8.6*
HOMA, median (IQR) 1.2 (0.7) 3.9 (2.9)* 6.6 (7.1)*
Triglycerides, mg/dl 90 35 135 68 273 239†
Cholesterol, mg/dl
LDL 118 30 106 29 113 36
HDL 55 12 48 11 40 14*
CRP (mg/l), median (IQR) 0.6 (0.7) 4.0 (5.9)* 5.8 (4.2)*
p  0.05 compared with normal control patients; †p  0.05 compared with control patients and
M; all values are corrected for multiple comparison.
ACE-I  angiotensin-converting enzyme inhibitor; ARB  angiotensin receptor blocker; CRP 
-reactive peptide; DM  diabetes mellitus; DM  MC  diabetes with microvascular complica-
ions; HDL  high-density lipoprotein; HOMA  homeostatic model assessment of insulin resis-
ance; IQR  interquartile range; LDL  low-density lipoprotein.
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June 9, 2009:2175–83 Exercise-Mediated Capillary Recruitment in DMame vessel location measured with pulsed-wave spectral
oppler and angle correction software. Brachial artery
lood flow was measured by the product of the cross-
ectional area and time-averaged peak velocity.
ontrast-enhanced ultrasound. Harmonic power-Doppler
maging (HDI-5000CV, Philips Ultrasound) was per-
ormed at a transmission frequency of 3.7 MHz with a
inear-array transducer at a mechanical index of 1.1 to 1.2
nd a pulse repetition frequency of 2.5 kHz. The deep
orearm flexor muscles were imaged in the trans-axial plane
ne-third of the distance from the antecubital fossa to
he wrist. Lipid-shelled octafluoropropane microbubbles
Definity, Bristol-Myers Squibb Medical Imaging, New
ork, New York) were infused intravenously at a rate of
.12 to 0.16 ml/min. Intermittent imaging was performed
ith the use of an internal timer, and images were acquired
t incremental pulsing intervals (PIs) from 1 to 15 s. Video
ntensity (VI) was measured from a region-of-interest
Figure 1 Blood Rheology Data
(A) Erythrocyte deformability (mean  SEM) measured by the elongation index at
(DM) or diabetes with microvascular complications (DM  MC). (B) Blood viscosit
cosity and either (C) plasma glucose or (D) high-sensitivity C-reactive protein (hs-C
cP  centipoise; RBC  red blood cell.laced over the flexor digitorum profundus and flexor
ollicus longus muscles. Averaged frames obtained at a PI of
s were digitally subtracted from averaged frames at longer PIs
o eliminate signal from the majority of noncapillary vessels
ith a mean erythrocyte velocity 2.4 cm/s (22). Time versus
I data were fit to the function: y A(1 – et), where y is VI
t time t; A is the plateau VI reflecting relative capillary blood
olume, and  is the rate constant reflecting the capillary
rythrocyte velocity (22,23).
lood rheologic parameters. Erythrocyte deformability
nd whole-blood viscosity, 2 rheologic factors that strongly
nfluence vascular resistance at the capillary level (19,20),
ere measured from fasting blood samples. For erythrocyte
eformability, 25 l of citrated whole blood was placed in 5
l of polyvinylpyrrolidone (5%) in phosphate-buffered sa-
ine. A laser-assisted optical rotational cell analyzer
LORCA, Mechatronics, Amsterdam, the Netherlands)
as used to measure the erythrocyte elongation index (ratio
in control subjects and in patients with either uncomplicated diabetes mellitus
n  SEM) measured at a shear rate of 7.35 s1. Correlation between blood vis-
ptide is shown. *p  0.05 versus control (adjusted for multiple comparisons).30 Pa
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Exercise-Mediated Capillary Recruitment in DM June 9, 2009:2175–83f short- to long-axis dimension) at 37°C and a shear stress
f 30 Pa. Whole-blood viscosity at 37°C was measured with
rotational viscometer (EW-98936-00, Cole-Parmer, Ver-
on Hills, Illinois) at a shear rate of 7.35 s1.
tatistical analysis. Data were analyzed on SAS software
version 9.1, SAS Institute, Cary, North Carolina). Clinical
haracteristics were analyzed by the Fisher exact test or
hi-square analysis for frequency or percentage variables;
-way analysis of variance for normally distributed variables
ith post-hoc testing of individual comparisons with paired
test; or the Wilcoxon rank-sum test for medians. Bonfer-
oni correction was applied for these multiple comparisons.
earson’s correlation coefficients and linear regression were
sed for the assessment of associations between pairs of
ontinuous variables. Differences in perfusion data between
roups and between conditions were analyzed with the
ixed model approach to repeated measures incorporating
aseline perfusion as a covariate. The covariates triglycer-
des, viscosity, and CRP were added one at a time to the
ixed models. The Tukey-Kramer adjustment for multiple
omparisons was used for follow-up comparisons between
iagnostic groups.
esults
linical characteristics. The baseline clinical characteris-
ics for the 3 study groups are presented in Table 1. Body
ass index, HgbA1c, and plasma insulin levels were greater
n the 2 DM patient groups compared with healthy control
ndividuals. All DM patients with microvascular complica-
ions had proteinuria as a complication criteria (median
interquartile range]: 474 [631] g/mg vs. 7 [11] g/mg
reatinine for DM  MC and DM cohorts, respectively;
 0.0001) whereas 75% also had a diagnosis of neurop-
thy. These patients tended to have a longer duration of
isease, increased serum triglycerides, and more severe
nsulin resistance reflected by the median homeostatic
odel assessment index than other groups. Erythrocyte
eformability was similar between cohorts (Fig. 1A), but
ean blood viscosity was significantly increased in DM 
C patients compared with the control group (Fig. 1B).
lood viscosity correlated modestly with both plasma glu-
ose and C-reactive peptide (Figs. 1C and 1D) but not with
erum triglycerides (p  0.51) or any other plasma lipid
easurement.
xercise performance and brachial blood flow. Maximal
andgrip force did not vary significantly between groups
median force of 26, 22, and 24 kg for control, DM, and
M  MC subjects, respectively). There was a small (6%)
ut not statistically significant increase in HR between
aseline and maximal exercise measured in approximately
wo-thirds of patients, which was not different between
roups. Brachial artery blood flow (Fig. 2) was similar
etween groups at baseline and during low- and high-
ntensity periodic handgrip exercise (25% and 80% maximal
orce). In all groups, brachial artery blood significantly encreased over baseline only at the highest exercise intensity
80% maximal force).
keletal muscle perfusion. Illustrated in Figure 3 are
ackground-subtracted CEU images from the proximal
orearm flexor muscles and corresponding pulsing interval
ersus VI data at rest and during low- and high-intensity
xercise in a control subject. During low-intensity periodic
andgrip exercise, skeletal muscle blood flow (the product of
he A- and -values) increased largely because of an increase
n CBV (A-value or plateau intensity), which is consistent
ith microvascular recruitment as the dominant vascular
esponse. Further increases in blood flow during greater-
ntensity exercise were secondary to a further increase in
BV with an additional increase in capillary erythrocyte
elocity (-value). Figure 4 illustrates data from a DM 
C patient, whereby blood flow in response to incremental
xercise did not increase as much as in the control patient
argely because of a blunted CBV (A-value) response.
Data from all healthy control subjects showed a stepwise
ncrease in skeletal muscle capillary blood flow with incre-
ental levels of exercise (Fig. 5A). Similar to previous
bservations (2), exercise-mediated changes in muscle cap-
llary blood flow surpassed the corresponding changes in
rachial artery blood flow (Fig. 2), suggesting some
edistribution of brachial artery flow within the limb
uring exercise. Capillary blood flow responses to exer-
ise in patients with uncomplicated DM were not sig-
ificantly different (p  0.52) from control subjects
Fig. 5A). Flow responses were, however, impaired in
M  MC patients during both low- and high-intensity
xercise (p  0.001), the degree of which was similar for
he 2 levels of exercise (p  0.59 for interaction between
ohort and exercise level). Abnormal blood flow during
Figure 2 Brachial Artery Blood
Flow at Rest and During Exercise
Flow (mean  SEM) was derived from 2-dimensional and Doppler ultrasound in
control subjects and in patients with either uncomplicated DM or DM  MC.
*p  0.05 (adjusted) versus baseline. Abbreviations as in Figure 1.xercise in the DM  MC group was attributable in part
t
i
D
t
s
a
D
0
l
e
c
2
r
(
t
e
t
V
c
M
g
i
c
p
s
c
c
c
t
s
l
g
f
g
l
g
p
c
D
v
c
2179JACC Vol. 53, No. 23, 2009 Womack et al.
June 9, 2009:2175–83 Exercise-Mediated Capillary Recruitment in DMo a blunted CBV response (Fig. 5B), suggesting an
mpairment in exercise-mediated capillary recruitment.
ifferences in capillary blood velocity between the con-
rol and DM  MC group were small and did not reach
tatistical significance (Fig. 5C).
Capillary recruitment in response to exercise, expressed as
percent change CBV from baseline, was impaired in
M  MC patients versus healthy control subjects (p 
.02) (Fig. 6). The degree of impairment was similar for
ow- and high-intensity exercise (p 0.91 for interaction of
xercise level and cohort). Because of differences in baseline
linical variables, an analysis also was performed with a
-cohort comparison (DM and DM  MC). This analysis
evealed a significant impairment in flow augmentation
p  0.03) and a borderline impairment in CBV augmen-
ation (p  0.06) during both low- and high-intensity
xercise in the DM  MC compared with DM patients
hat was not influenced by the level of exercise.
ariables associated with capillary response. Abnormal
apillary responses to exercise in patients within the DM 
C were independent of disease duration. Although tri-
Figure 3 Contrast-Enhanced Ultrasound in a Control Subject
Background-subtracted color-coded images of the proximal forearm flexor muscles
conditions and during 25% or 80% maximal grip force exercise, are illustrated at thlyceride, viscosity, and CRP values were significantly tncreased in the DM  MC group and correlated with
hanges in CBV, none of these factors provided additional
redictive information about capillary recruitment in re-
ponse to exercise once baseline CBV, exercise level, and
ohort were accounted for in the model. Differences in the
hange in CBV between the DM  MC patients and
ontrol patients remained significant after adjusting for
hese factors, suggesting that the differences in CBV re-
ponse between groups were not due simply to any of these
aboratory variables alone.
Although there was a modest correlation between
lucose levels and change in CBV (p  0.04 and p  0.07
or 25% and 80% exercise, respectively), adjustment for
lucose levels in the model was not possible because of
ittle overlap in glucose levels between the diagnostic
roups. Neither history of hypertension nor systolic blood
ressure at the time of perfusion imaging correlated with
hanges in CBV. For the 2-cohort comparison (DM and
M  MC), the incorporation of age, CRP, and serum
iscosity in the model improved the overall p value for
omparison of flow response and CBV response, al-
ired at incremental pulsing intervals (PIs) under baseline (BL) resting
. Corresponding PI versus video intensity data are shown in the graph., acqu
e tophough the impact of each of these covariates in the
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Exercise-Mediated Capillary Recruitment in DM June 9, 2009:2175–83odel did not reach significance except for the influence
f age on CBV.
iscussion
he main findings of this study were that skeletal muscle
apillary responses to periodic contractile exercise are pre-
erved in subjects with well-controlled uncomplicated type 2
M but are impaired in those with microvascular compli-
ations. In particular, changes in CBV were abnormal in
hose with microvascular complications, reflecting an un-
erlying abnormality in microvascular recruitment during
xercise. The degree of vascular impairment was similar for
ifferent degrees of exercise intensity.
Both insulin and skeletal muscle contractile exercise
ncrease flow and insulin transport in skeletal muscle. There
s accumulating evidence that abnormal flow responses may
ot just be a consequence of DM but may also play a role in
bnormal glucose storage and utilization. This idea origi-
ated from early studies in which insulin was shown to
Figure 4 Contrast-Enhanced Ultrasound in a Patient With Diabe
Background-subtracted color-coded images of the proximal forearm flexor muscles
during 25% or 80% maximal grip force exercise, are illustrated at the top. Correspondncrease limb blood flow in a dose-dependent fashion c24,25). Inhibitors of NO synthase block this response (4,5).
hese agents also block insulin-mediated limb glucose
ptake, supporting the notion that limb blood flow and
lucose storage are coupled (6), although NO also can
ugment glucose uptake by increasing glucose transporter
i.e., GLUT-4) translocation (25).
Vascular responses at the muscle capillary level have been
xamined with CEU imaging as well as other techniques,
uch as capillary xanthine oxidase activity and microdialysis
easurement of the capillary permeability-surface area
roduct (3,8,17,22,26). These techniques have indepen-
ently confirmed that hyperinsulinemia triggers a rapid
ncrease in CBV. Capillary recruitment appears to be the
ominant effect at the capillary level because microvascular
lood velocity changes little with insulin (8,22). Changes in
apillary recruitment are also NO-dependent (6) and are
mpaired in diabetic animals and obese insulin-resistant
ubjects (7–9).
The current study examined microvascular responses to
nd Microvascular Complications
red at incremental PIs under BL resting conditions and
ersus video intensity data are shown in the graph. Abbreviations as in Figure 3.tes a
, acqui
ing PI vontractile exercise to test whether there is a global impair-
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June 9, 2009:2175–83 Exercise-Mediated Capillary Recruitment in DMent in capillary response in patients with DM. Skeletal
uscle capillary perfusion during exercise in diabetic states
as become a topic of focus because of its influence on
xercise tolerance and glucose metabolism. Exercise has
een shown to augment insulin-mediated glucose uptake, at
east partially through an increase in muscle flow (16,27).
he ability to distinguish changes in CBV and capillary
rythrocyte velocity during muscle contraction is important
ecause of the uncoupling of limb arterial inflow and muscle
icrovascular perfusion during exercise (2). For example, in
he current study, exercise-mediated increases in microvas-
ular flow in control subjects were out of proportion to
hanges in brachial artery inflow. More importantly, despite
imilar brachial artery blood flow responses between the
tudy groups, microvascular perfusion was found to be
arkedly abnormal in patients with DM  MC.
In patients with DM who did not have microvascular
omplications, capillary flow responses to exercise were
ssentially normal. This result was not entirely unexpected
ecause skeletal muscle capillary blood flow responses to
lectrically stimulated contraction also are normal in Zucker
iabetic fatty rats despite an impairment in insulin-
ediated capillary recruitment (17). Differences in micro-
ascular response to exercise and hyperinsulinemia are likely
ttributable to different regulatory mechanisms. Skeletal
uscle flow during exercise is complex and involves multiple
iochemical pathways and hydrodynamic forces that have
een the subject of comprehensive reviews (28). Although
O is a requisite for normal insulin-mediated capillary
ecruitment, it does not participate in exercise-mediated
icrovascular recruitment and contributes only a minor role
o exercise-mediated glucose uptake in a flow-independent
ashion, possibly through transporter function (11,13).
Patients with microvascular complications of DM, all of
hom had proteinuria as a qualifying criteria, responded to
Figure 6 Change in CBV During Exercise
Data shows percent change in CBV during 25% or 80% maximal grip force exer-
cise. *p  0.05 (adjusted) versus control subjects. Abbreviations as in Figures 1
and 5.Figure 5 Forearm Flexor Muscle
Perfusion at Rest and During Exercise
(A) Capillary blood flow (A), (B) capillary blood volume (CBV) (A-value), and
(C) capillary blood flux rate (-value) in control subjects and in patients with
either uncomplicated DM or DM  MC under resting conditions and during con-
tractile exercise. The stepwise increase with incremental exercise level for all
parameters was significant by the mixed-model analysis (p  0.001 for flow,
p  0.02 for CBV, p  0.002 for flux rate). *p  0.05 (adjusted) versus con-
trol subjects. Abbreviations as in Figure 1.
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Exercise-Mediated Capillary Recruitment in DM June 9, 2009:2175–83xercise in a different fashion than those with uncompli-
ated disease. In these patients capillary recruitment to
ontractile exercise was abnormal. The pathophysiologic
asis for this finding is still undefined. We believe that a
unctional abnormality is more likely than morphologic
apillary rarefaction since capillary recruitment was signifi-
antly impaired even at low-intensity (25%) contractile
xercise before maximal CBV was reached. Although cap-
llary responses were abnormal in the DM  MC group,
rachial artery flow responses were normal. This finding
mplicates the distal microcirculation and possibly the in-
bility to redistribute flow to muscle capillary beds from
ther limb tissues or non-nutritive pathways as the primary
ource of the defect.
The limited number of subjects did not allow for complex
ultivariate models to study all of the covariates that could
ossibly influence flow reserve. However, it was noted that
atients with DM  MC were characterized by poorer
ontrol of plasma glucose and a greater degree of insulin
esistance. Glucose levels correlated with blood viscosity,
hich was greatest in the DM  MC group. Blood
iscosity is a critical determinant of flow at the capillary level
nd has been associated with the degree of insulin resistance
nd with diabetic complications (30–32), including protein-
ria, which was a common criteria for all DM  MC
atients in this trial (33). The pathophysiologic basis is
robably multifactorial. The simple addition of D-glucose
o blood or protein glycosylation does not appear to affect
iscosity (34). Instead, it is more likely to the result of
rotein dysregulation associated with a heightened inflam-
atory state (35,36). This notion is supported by the
elation we found between viscosity and CRP.
As an alternative hypothesis, elevated CRP may have
ontributed to abnormal capillary responses through its
ctions to decrease endothelial NO synthase activity (37).
lthough there was a correlation between viscosity and flow
arameters during exercise, our model suggested that none
f these variables added significant predictive information to
roup identity. These data suggest that differences in
apillary response between groups could not be explained
olely on the basis of these factors but also that statistical
ower was likely limited by study size.
tudy limitations. The causal link between flow impair-
ent and microvascular complications has not been proven
nd could probably only be achieved only by a large
rospective study where the value of perfusion response is
nvestigated in terms of predicting future complications.
efining the temporal relationship between perfusion ab-
ormalities and complications is probably best suited to
tudies that use controlled animal models of disease. Exer-
ise perfusion was assessed only under conditions of fasting.
owever, studies in which the authors used positron emis-
ion tomography have demonstrated that exercise-mediated
ugmentation in total blood flow is blunted in insulin-
esistant subjects when exercise is performed under hyper-
nsulinemic conditions (16). We also did not estimateorearm muscle mass relative to other limb tissues, which
ay have influenced flow responses.
onclusions
e have demonstrated that capillary recruitment during
ow- and high-intensity exercise is impaired in patients with
M that have established microvascular complications of
isease. Although our data suggest that rheologic abnor-
alities that are associated with the degree of insulin
esistance may be responsible for these abnormalities, larger
rials will be needed to control for the numerous clinical
ariables inherent in studying the diabetic population.
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